Abstract: We genetically analyzed cooked rice quality differences between japonica and indica rice varieties . By using backcross inbred lines, substitution, and near isogenic lines, we confirmed that at least 3 chromosom al regions affect cooked rice quality as measured by a Mido Meter. Each of these regions contains a locus for the starch synthase isoform, granule-bound starch synthase I (GBSSI), starch synthase I , and starch synthase ha (SSIIa). We found naturally occurring variations in GBSSI (Wx protein) amount and SSIIa activity that greatly affect cooked rice quality by altering amylose content for GBSSI or amylopectin structure for SSIIa. In sensory tests, effects of GBSSI variation were clear even just after cooking, but those of SSIIa became clear only after cooling.
The quality of cooked rice differs among rice varieties, and is one of the most important focuses in rice breeding in countries that cultivate rice, among which Japan is no exception. Differences in variety suggest genetic differences; however the genetics of cooked rice quality related to starch properties and metabolism have not been extensively studied. We genetically analyzed the relationship between the quality of cooked rice and starch properties .
We usually use sensory tests in our breeding programs to evaluate cooked rice quality. In such tests, about 10 varieties or new lines are cooked at once, then 20 to 30 testers eat and score each sample, comparing it to a standard variety. Such tests take time and work, which has led to the use of instrument tests based on the Mido Meter; in this case 30 g of polished rice is packed in a cartridge, soaked into hot water for 12 min, and then surface shininess of cooked is measured. The Mido Meter manufacturer regards the exact mechanism behind the meter' s operation as proprietary, preventing us from learning more about it, but we have noted a high correlation between Mido and sensory scores (Fig. 1) . We used the Mido Meter to measure the quality of rice lines derived from a cross between japonica and indica subspecies, and used Mido scores for quantitative trait loci (QTL) analysis, a type of genetic analysis. QTL analysis of rice quality. QTL refers to loci controlling a quantitative trait. A quantitative trait is controlled by several genes rather than a single gene. QTL analysis locates genes regulating the trait of interest on chromosomes. To develop a gene mapping population for QTL analysis, 2 varieties whose traits of interest greatly differ are usually crossed. We used japonica variety Koshihikari, a favorite among Japanese people, and indica variety Kasalath, not a favorite among them. Koshihikari was backcrossed once and backcrossed inbred lines consisting of 182 lines were developed as a gene mapping population '' (Takeuchi et al. , unpublished) . Of this population, 180 lines of advanced BC,F, generation were used for QTL analysis of the Mido score.
The rice genome has 12 pairs of chromosomes. QTLs raising the Mido score with the Koshihikari genotype were detected on chromosomes 3 and 6. Two QTLs that raise the score with the Kasalath genotype were detected on chromosome 7. We focused on the QTL on chromosome 6, since the QTL region includes the loci for 3 starch synthase genes, -granule-bound starch synthase 1 (GBSSI or Wx), starch synthase 1 (SSI ), and starch synthase IIa (SSIIa), surmising that variations or possible variations of these genes may be related to the Mido score.
Confirmation of QTLs related to rice quality. Mido QTLs on chromosome 6 were confirmed by using substitution or near isogenic lines having a chromosomal segment of Kasalath with a Koshihikari genetic background (Fig. 2 , left half). We also used near isogenic lines with the genetic background of another japonica variety, Nipponbare (Fig. 2, right half) .
For the Koshihikari genetic background, substitution of the region including SSIIa locus decreased the Mido score. Additional substitution of the SSI region also adversely affected the score. The Mido score was notably decreased by further substitution of the GBSSI region. QTLs decreasing the Mido score for the Kasalath genotype by substituting each of the starch synthase loci were also seen for a Nipponbare genetic background. These confirm at least 3 genes controlling the Mido score exist on the short arm of chromosome 6. To determine whether these QTLs are based on naturally occurring variations of the 3 starch synthases and whether QTLs affect cooking quality in sensory tests, we conducted further studies mainly using a near isogenic line (NIL) and a substitution line (SL) for GBSSI and SSIIa with Nipponbare genetic background. All plant materials were cultivated at the Toyama Agricultural Research Center in 1994. Toyo Mido Meter MA-90B (Toyo Seimaiki Seisakusho) was used to measure the Mido score. At left is Koshihikari and its NIL or SL having a chromosomal segment derived from Kasalath shown by the black rectangle. At right is Nipponbare and its NIL also having a part of Kasalath's chromosome.
Mido scores are shown at the bottom.
Starch synthase variations and rice quality. 1) Granule -bound starch synthase I (GBSSI). In amylose content, the 2 japonica varieties, Koshihikari and Nipponbare, clearly have less amylose than the indica Kasalath (Table 1 ). The near isogenic line having the Wx allele from Kasalath also has higher amylose content than the japonica. Since the ratio of amylose to amylopectin greatly affects starch properties, this difference in amylose content is expected to affect cooking quality. This difference is explained by the amount of GBSSI (Wx) protein, the enzyme synthesizes amylose.
The Kasalath Wx allele produced several times more Wx protein than the Koshihikari or Nipponbare Wx allele (Fig. 3A) . Sano2) first reported this major difference between japonica and indica, terming the Wx allele producing more Wx protein Wx" and that producing less Wx protein Wx". The cause of the difference between Wx° and Wx' function-a naturally occurring single base change at a splicing donor site in the first intron in Wx'-was found." This leads to decreased production of mature mRNA reflected in decreased production of the Wx protein. Since DNA markers distinguishing Wx" and Wx! based on this single base change are available,4,5) it is easy to detect which Wx allele a variety has (Fig. 3B) . Does this difference in amylose content actually affect cooking quality ? We compared Nipponbare and WY-NIL, lines having the Wxa allele from Kasalath with a Nipponbare genetic background in sensory tests of cooked rice.
These tests compared Wx°-NIL to Nipponbare in appearance, hardness, stickiness, and overall preference. To Japanese testers, cooked Wx"-NIL rice had a poorer appearance, harder texture, and less stickiness, giving it a rather poor overall preference rating (Fig. 4) .
2) Starch synthase IIa (SSIIa). The SSIIa locus on chromosome 6, also called the alk locus, controls the alkali disintegration of rice grains.' Ja- Ko, Koshihikari; Ni, Nipponbare; NIL, Wx"-NIL; Ka, Kasalath; M, molecular size marker. ponica varieties tend to disintegrate in an alkaline solution of potassium hydroxide; however many indica varieties do not." We have shown genetically that alkali disintegration is most probably due to differences in amylopectin structure." Compared to Kasalath, Nipponbare has a relatively greater number of short amylopectin chains-a difference also controlled at the same locus as alk. Since the SSIIa gene was also mapped at the same position, we suspect that SSIIa is identical to the alk gene.
We used a substitution line, SL-23, that has a Kasalath genotype about two-thirds of chromosome 6, including the SSIIa locus in the Nipponbare genetic background. As expected, SL-23 grains are, as with Kasalath, resistant to an alkaline solution (Fig. 5) . We compared chain length distributions of amylopectin between them. Compared to Kasalath, Nipponbare had more short chains, and fewer edium-length chains (Fig. 6) . In SL-23, the chain distribution resembles that of Kasalath. Very similar differences in chain length distributions of amylopectin were also reported with wheat that lacked SGP-I (SSIIa) protein" and antisense SSII lines of potato."' If the alk and SSIIa genes are the same, some difference should be seen in the function of SSIIa of Nipponbare and that of Kasalath because their alkali disintegration and amylopectin structure differ. We conducted native-PAGE active staining of starch synthase to identify differences in SSIIa function. We found an activity missing in Nipponbare that was detected in SL-23 (Fig. 7) . Based on immunoblot analysis using an antibody raised against a synthesised SSIIa peptide, we confirmed that the activity band on the native gel was due to SSIIa (data not shown). Since Nipponbare and SL-23 have a functional difference in SSIIa, we regarded SSIIa as an alk gene candidate.
In sensory tests comparing Nipponbare and SSIIa-NIL, which still has a Kasalath chromosomal segment on chromosomes 5 and 8 (Fig. 8) , the appearance score for SSIIa-NIL was only 0.5 point poorer than for Nipponbare, and hardness and stickiness did not differ between the two. Overall preference for SSIIa-NIL was slightly poorer than for Nipponbare. What happens if sensory tests are performed after cooked rice is cooled? We kept cooked samples overnight at 8°C and conducted sensory tests after samples reached room temperature. Compared to cooled Nipponbare, cooled SSIIa-NIL was judged to have a very poor appearance and a harder, less sticky texture, rating a very poor overall preference among Japanese testers.
Differences in alkali disintegration are thought to affect cooking quality,"' but no near isogenic line for alk has been developed. Our results suggest that the difference in the SSIIa gene greatly affects cooking quality, probably Soluble forms of starch synthase activity were separated by a gel containing 0.8% rabbit liver glycogen in 5% acrylamide. The gel was incuvated in a buffer containing 1 mm ADPG for 24 h at 25°C, then stained with acidified iodine solution. N, Nipponbare; SL, SL-23.
through altering the structure and physico-chemical properties of amylopectin, but only after cooked rice is cooled.
These results should be confirmed after an advanced near isogenic line is developed for SSIIa.
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